Summary. Rationale and objectives: Little is known about molecular changes in lungs of fetal rabbits with surgically induced diaphragmatic hernia (DH). Therefore, we examined in this model gene expressions of pivotal molecules for the developing lung. Methods: At day 23 of gestation, DH was created in 12 fetuses from 4 does. Both lungs from six live DH fetuses and from six unoperated controls were harvested and weighed at term. Transcription of 15 genes involved in alveolarization, angiogenesis, regulation of vascular tone, or epithelial maturation was investigated by real-time quantitative polymerase chain reaction. Main results: DH decreased lung-to-body weight ratio (P < 0.001). A bilateral downregulation was seen for genes encoding for tropoelastin (P < 0.01), lysyl oxidase (P < 0.05), fibulin 5 (P < 0.05), and cGMP specific phosphodiesterase 5 (P < 0.05). Lower mRNA levels for endothelial nitric oxide synthase occurred in the ipsilateral lung (P < 0.05). Conclusions: Experimental DH in fetal rabbits disrupted transcription of genes implicated in lung growth and function. Similarities with the human disease make this model appropriate for investigation of new prenatal therapies. Pediatr Pulmonol. ß
INTRODUCTION
Despite advances in prenatal diagnosis and resuscitation, congenital diaphragmatic hernia (CDH) has a persistent high mortality rate due to ventilatory insufficiency and neonatal pulmonary hypertension. 1 CDH results in pulmonary hypoplasia with airway and vascular changes that are more predominant in the ipsilateral lung. Recent findings in human CDH lungs have enriched the understanding of the disease, pointing out preserved contents of pulmonary surfactant-associated proteins (SP), 2 impaired alveolarization with deficient tropoelastin (ELN), 3 and altered angiogenesis linked to a downregulation of endothelial nitric oxide synthase (eNOS), which could not be counteracted by vascular endothelial growth factor A (VEGFA). 4 Besides these rare human investigations, animal experimentation has helped to understand the pathogenesis of CDH and to optimize new therapies modulating lung growth, like tracheal occlusion (TO). 5 On the one hand, genetic and teratogenic models in rodents have contributed to the partial comprehension of mechanisms responsible for the early disturbed lung growth. 6 On the other hand, much of current knowledge about how TO proceeds originates from surgical studies in rabbits 7, 8 and sheep. 9 The creation of a diaphragmatic hernia (DH) in rabbit fetuses during the pseudoglandular phase of lung development recapitulates most histological 10, 11 and functional features 12 of human CDH lungs. However, very little if any emphasis has been placed on biological changes occurring in the rabbit model. Therefore, we used real-time quantitative polymerase chain reaction (qPCR) to study in this model pulmonary expression of specific genes involved in alveolarization, angiogenesis, 1 regulation of vascular tone, or epithelial cell maturation. The objectives were to determine whether the rabbit model reproduced biological aspects of human CDH, and to study other crucial molecules for late pulmonary development, which have never been examined in the setting of human CDH.
MATERIALS AND METHODS

Animal Subjects
Four time-dated pregnant New Zealand white rabbits were obtained at 15 days' gestational age (GA) from an authorized farm. Animals were housed separately at normal room temperature in a regular light-dark cycle, with free access to pellets, hay, and water. The experiments were carried out according to the current guidelines on animal wellbeing, and approved by the local Ethics Committee for Animal Experimentation (Faculty of Medicine, Université Libre de Bruxelles, Brussels, Belgium).
Premedication, Anesthesia, and Surgery
At 23 days' GA, each rabbit was premedicated as previously reported. 12 After fiberoptic endotracheal intubation, 13 mechanical ventilation was initiated under general anesthesia with 1-2% isoflurane. Heart rate and oxygen saturation were monitored with a pulse oximeter. Body temperature was maintained with a heating pad. Just prior to surgery, prophylactic antibiotics and progesterone for tocolysis were administered. Briefly, three fetuses per doe were subjected to an incision of the membranous part of the diaphragm through a left thoracotomy. [10] [11] [12] After surgery, the does were monitored until awakening. They were then returned to their cages with free access to food and water.
Fetal Tissue Collection
At term (31 days' GA), fetuses were exposed by a cesarean section. Live operated fetuses were recorded. Unoperated littermates of equal size to the operated ones were taken as controls. Before clamping the umbilical chord, neonatal rabbits received a ketaminexylazine mixture to avoid respiratory movements. After recording body weight, the chest was opened and pups were killed by exsanguination. Lungs were dissected, weighed separately to assess the wet lung to body weight ratio (LBWR), snap-frozen in liquid nitrogen, and stored at À808C. Maternal anesthesia was maintained during fetal harvesting. As soon as all fetuses were delivered, the doe was killed with an overdose of sodium pentobarbital.
RNA Extraction and Quality
Total RNA was isolated from left and right frozen lung samples using TRIzol reagent (Invitrogen, Ghent, Belgium), and purified with spin columns according to the manufacturer's protocol (RNeasy Mini Kit, Qiagen, Venlo, The Netherlands). RNA concentrations were quantified at 260 nm (NanoDrop 2000, Thermoscientific, Wilmington, DE). RNA integrity was confirmed by 1.5% agarose gel electrophoresis. The absence of genomic DNA was verified by qPCR performed on isolated RNA.
Reverse Transcription
For each sample, first strand cDNA synthesis was performed in duplicate with 2 mg of total RNA in a 20-ml total reaction volume containing random hexamers, a mix of deoxyribonucleotides, reverse transcription buffer, dithiothreitol, ribonuclease inhibitor, and Superscript II reverse transcriptase following the manufacturer's instructions (Invitrogen). The reaction was conducted in a thermal cycler (Mastercycler, Eppendorf AG, Hamburg, Germany), using the following conditions: 258C for 10 min, 428C for 50 min, and 708C for 15 min.
Primer Design and Validation
Primer pairs for target and reference genes were generated by the program Primer3 (http://frodo.wi.mit.edu/ primer3/) using rabbit or human nucleic acid sequences from GenBank (Tables 1 and 2 ). The absence of secondary structures in the region in which the primers anneal was verified using Mfold program (http://mfold.rna.albany. edu/). A BLAST analysis was run to check if primer pairs were matching at the sequence of interest (http://www. ncbi.nlm.nih.gov/BLAST/). Newly designed primers were synthesized at Eurogentec (Liège, Belgium). PCR efficiencies in the exponential phase were calculated by standard curves run in triplicate, according to the equation E ¼ 10
, and were all between 1.93 and 2.14. The generation of a single specific product was confirmed by melting curve analysis, and documented with 2.5% agarose gel electrophoresis (Fig. 1) .
Real-Time Quantitative Polymerase Chain Reaction (qPCR)
SYBR Green qPCR analysis was carried out with the Icycler iQ detection system (Bio-Rad Laboratories, Hemel Hempstead, UK). For each gene, the procedure was realized in triplicate with a 25-ml reaction volume containing 12.5 ng of cDNA, 5 pmol/ml of each primer, and 12.5 ml of SYBR Green PCR Master Mix (Quanta Biosciences, Gaithersburg, MD). Amplification was conducted as follows: initial denaturation (958C for 3 min), amplification program repeated 40 times (15 sec at 958C followed by 1 min at 608C), and melting curve program (starting temperature of 958C and ending temperature of 608C at 0.58C increments). To ensure the quality of measurements, we included negative (no template control) and positive controls in triplicate in each plate. At the end of each run, the Icycler software established a horizontal threshold through the exponential phase of the amplification plot where amplified DNA just became detectable above the background fluorescence. The fractional cycle at which this horizontal threshold crossed the exponential phase determined the cycle threshold (C t ), which was calculated for each well.
Identification of Optimal Reference Genes for Normalization of Target Gene Expression
No previous study has validated reference genes in the fetal rabbit lung (normal or diseased). We therefore assessed the expression stability of 10 candidate reference genes belonging to various functional classes and usually considered to be stable (Table 2). 14 For each candidate, qPCR was performed in triplicate in 12 representative fetal lung samples, with or without DH. Raw C t values were analyzed with the geNorm program (http://www.biogazelle.com/). This algorithm ranks reference genes based on the calculation of a stability parameter (M), which is the mean pair-wise variation for a gene from all other candidate reference genes. 14 All genes were stably expressed (M < 0.5; Table 2) , with type 1 topoisomerase (TOP1), ATP synthase subunit ß (ATP5B), and ß-actin (ACTB) being the most stable genes. A combination of these three reference genes was therefore considered for normalization of target gene expressions.
Analysis of qPCR Data
The mean C t value was calculated in each sample for genes of interest and validated reference genes. Gene expression of an unknown sample was obtained relative to the sample with the lowest C t value (DC t ) according to the efficiency corrected model. 15 For each target gene in each sample, expression levels were then normalized by the geometric mean of reference genes TOP1, ATP5B, and ACTB.
14 Relative expression levels of the target genes in DH lungs were expressed as a fold of increase, compared with expression level in control lungs, which was as 1. Intra-assay and interassay coefficients of variation of C t were below 1.2% and 1.1%, respectively.
Statistical Analysis
Data were reported as mean AE SEM. Body weights and LBWR were compared using an unpaired Student's t-test after ensuring normality and equality of variance. The differences in gene expressions between DH and control fetuses were analyzed using a Student's unpaired t-test or a non-parametric Mann-Whitney's U test, depending on applicability. Comparisons of gene expressions between left and right lungs were analyzed within the DH and the control groups using a Student's paired t-test after ensuring normality and equality of variance. Statistical significance was defined as P < 0.05. All statistical analyses were two-tailed and were performed using the SigmaStat software program (Jandel Scientific, San Rafael, CA).
RESULTS
Body and Lung Weights at Term
Of the 12 operated fetuses, 6 were alive at cesarean delivery (DH group, n ¼ 6). Six unoperated littermates served as controls (control group, n ¼ 6). Fetal body weight of DH fetuses was indistinguishable from that of controls (40.2 AE 3.7 g vs. 44.4 AE 5.8 g). Total, left and right LBWR were significantly decreased in DH fetuses (P < 0.001; Table 3 ).
Transcription of Genes Involved in Alveolarization
In DH fetuses, ELN gene expression was downregulated by 46% (P ¼ 0.004) and 43% (P ¼ 0.009) in left and right lungs, respectively, as compared with controls (Fig. 2) . We also studied transcript levels of lysyl oxidase (LOX) and fibulin 5 (FBLN5), essential molecules for maintaining integrity and properties of elastic fibers. 16 Pulmonary mRNA content for LOX was diminished in DH fetuses to 74% (P ¼ 0.045) and to 75% (P ¼ 0.043) of the left and right control levels, respectively (Fig. 2) . FBLN5 transcript was reduced by 29% and 18% in DH ipsilateral and contralateral lungs (P ¼ 0.04 and P ¼ 0.048, respectively). Because tenascin C (TNC) peaks during alveolarization, 17 its expression was evaluated. Despite decreased TNC mRNA levels in both DH lungs, the differences between groups were not significant (Fig. 2) . Drebrin (DBN1), an actinbinding protein identified in cell projections of septal myofibroblasts, has been related to the elongation of the secondary septum during alveolarization. 18 Message expression for DBN1 was therefore studied, and was unchanged after DH induction (Fig. 2) .
Transcription of NO and VEGF Signaling Genes
A drop by 29% in eNOS mRNA levels was seen in left DH lungs (P ¼ 0.028; Fig. 3 ). There was an analogous decrease in right DH lungs, however not significant. The transition from fetus to newborn requires pulmonary vasodilatation resulting from increased activity and expression of soluble guanylate cyclases (sGC) in late gestation. 19 Meanwhile, specific phosphodiesterase 5 (PDE5), highly expressed during fetal life, decreases rapidly after birth. 20 For these reasons, we examined gene expression for PDE5, sGCa1 subunit, Fetal body and both lungs from DH and control (CTRL) fetuses were accurately weighed at delivery for the determination of total, left, and right lung to body weight ratios (LBWR). Values are expressed as mean AE SEM. Ã P < 0.001. and sGCß1 subunit. In DH lungs, mRNA levels for PDE5 were decreased by 19% and 16% in left and right lungs respectively, as compared with controls (P ¼ 0.05 and P ¼ 0.04; Fig. 3 ). Expressions of sGCa1 and sGCß1 were not significantly modulated. Message expression for VEGF and its receptors (VEGFR1 and VEGFR2) was unchanged after DH creation (Fig. 4) .
Transcription of Genes Encoding Surfactant-Associated Proteins
SPC transcripts were increased by 32% in the left DH lungs (P ¼ 0.004). There was no significant effect of DH creation on lung mRNA contents for SPA and SPB (Fig. 5) .
DISCUSSION
In the fetal rabbit model for CDH, hypoplastic lungs exhibited a downregulation of the transcription of genes involved in alveolarization, angiogenesis, and regulation of pulmonary vascular tone, without changes in the surfactant axis. Most of these observations were consistent with those of humans, giving more confidence in the rabbit model. Moreover, this work highlighted mechanisms that could underlie CDH pathogenesis, and suggested potential targets for antenatal therapies.
qPCR is considered as the gold standard to study the transcriptome and allows the use of small amounts of starting material, which is advantageous with regard to hypoplastic tissue. Recently, microarray technology has established gene expression profile in the CDH rat model. 21 Despite useful information provided about the expression of hundreds of genes, many issues are raised by this concept. Instead of exploring the genome, we used qPCR to focus on specific target genes that may be relevant in the setting of CDH.
The rabbit is an appropriate small animal for experiments occurring in late gestation. We preferred the rabbit model mainly because pulmonary development in this species mimics largely that of humans, 22 unlike in sheep 23 and rats. 24 DH lungs in fetal rabbits displayed features of pulmonary hypoplasia, with both airways and vascular abnormalities. 10, 11 At functional levels, neonatal rabbits with DH had lower compliance and higher airway resistance, tissue damping, and tissue elastance. 12 This, together with new data of the present work, helped to further validate the CDH rabbit model.
A number of limitations to this study should be noted. First, our experimental model is not perfect as shown by discrepancies with human CDH findings, a common issue encountered by most animal models. Another weakness of our experimental design is the absence of sham-operated fetuses serving as controls. In the rabbit model, sham-operated fetuses did not differ from unoperated littermates in terms of fetal growth, LBWR, and histology. 10, 11 Nevertheless, stress, inflammation, and pain due to surgery might have induced changes in gene expression. Second, we acknowledge that the sample size was probably underestimated. As qPCR analysis has never been done before in the CDH rabbit model, sample size was estimated from experiments in other CDH models. Increasing the sample size would consolidate our observations, at the price however of an additional use in animals. Third, only changes in mRNA contents were assessed, which may not correlate with protein levels or activity. Yet, since mechanical forces regulate transcription during lung development, 25 the surgical creation of DH was likely to induce changes in gene expressions by reducing the lung volume and the amplitude of fetal breathing movements. We recognize that confirmation of these transcriptional effects by biochemical or immunohistochemical analysis is necessary.
During late pulmonary development, the alveolarization process involves ELN-producing myofibroblasts located at the tips of secondary septa. In the rabbit model, not only the transcription of ELN, but also that of LOX and FBLN5, was decreased. In agreement with CDH in humans and other animal models, 3 our results suggested a dysregulation of elastogenesis at different levels, from the transcription of ELN to that of molecules involved in assembly and stability of elastic fibers. Changes to the signaling pathways responsible for the disorganized secondary septation in CDH are unclear. Recently, defective elastogenesis in human CDH fetuses and animal models was associated to reduced fibroblast growth factor 18 (FGF18). 3 As FGF18 induced myofibroblast expression of LOX and FBLN5, 26 a deficiency in FGF18 could account for the low transcription of LOX and FBLN5. Furthermore, impaired alveolarization could originate from abnormal transforming growth factor-ß (TGFß) signaling, as supported by knockout models. 27 Because data regarding the role of TGFß in CDH are conflicting and scarce, 28, 29 future investigations are warranted. Finally, knockout models have evidenced the role of the platelet-derived growth factor (PDGF) in alveologenesis. 30 Nevertheless, upregulation of PDGF in the CDH rat model has been reported only in the early stages of gestation. 31 The role of PDGF in disrupted secondary septation has to be therefore confirmed in near-term human fetuses with CDH.
The molecular mechanisms that underlie defective angiogenesis in CDH and failure of the pulmonary vasculature to adapt at birth are still poorly understood. The NO/cGMP signaling plays a major role in vascular growth during septation and modulation of perinatal pulmonary vascular tone. 32 Expression of eNOS in CDH was found reduced as evidenced by our data and those obtained from human 4 and rat 33 CDH lungs. Because NO is a downstream target of VEGF-induced angiogenesis, expressions of VEGF and its receptors were investigated in human CDH fetuses 4 and newborns. 34 In disagreement with human findings, expression of the VEGF signaling was not disturbed in the CDH rabbit model, underlining the limitations of animal models.
As CDH newborns with pulmonary hypertension are often refractory to inhaled NO, reduced cGMP-mediated pulmonary vasodilatation may be due to anomalies in sGC and PDE5 expression and/or activity. In the absence of human findings, decreased sGC activity has been reported in the lungs of DH lambs, 35 but this impairment was not supported by our data. While lungs from CDH rats showed increased PDE5 activity at birth, 36 we found a downregulation of the PDE5 gene. This discordance may reflect the fact that we harvested rabbit fetuses before the first breath, enabling postnatal adaptation to occur, and hence PDE5 levels to fall. 37 Direct activators of sGC and inhibitors of PDE5 have been proposed as effective postnatal drugs to treat or prevent neonatal pulmonary hypertension. 38 Interestingly, prenatal sildenafil promoted pulmonary vessels density and NO-mediated vasodilatation in the CDH rat model. 36 Future work is needed to address the question whether modulators of the NO/cGMP signalingadministered alone or in adjunction to TO-could rescue lung vasculature in utero and restore normal vasoreactivity before birth in human fetuses with CDH.
In the past few years, many works have addressed the question of the surfactant status in CDH, leading to contradictory results. 39, 40 In recent literature, pulmonary surfactant contents from human CDH fetuses were found appropriate for lung size, indicating a normal process of epithelial maturation. 2 Our findings were not fully consistent with these human observations and shared similarities with the surgically induced CDH model in lamb. 40 Despite the limitations of the present study, analogies between fetal rabbits with surgically induced DH and human fetuses with CDH make this model valuable for the study of this disease at late stages of lung development. With regard to the relevance of the rabbit model to CDH, we suggested that this model may help to refine the molecular understanding of TO and to develop new potential antenatal therapies.
